We analyze the adjoint field inflation in supersymmetric (SUSY) SU (5) model. In minimal SUSY SU (5) hybrid inflation monopoles are produced at the end of inflation. We therefore explore the non-minimal model of inflation based on SUSY SU (5), like shifted hybrid inflation, which provides a natural solution for the monopole problem. We find that the supergravity corrections with non-minimal Kähler potential are crucial to realize the central value of the scalar spectral index n s ≃ 0.96 consistent with the seven year WMAP data. The tensor to scalar ratio r is quite small, taking on values r 10 −5 . Due to R-symmetry massless SU (3) octet and SU (2) triplet supermultiplets are present and could spoil gauge coupling unification. To keep gauge coupling unification intact, light vector-like particles are added which are expected to be observed at LHC.
Introduction
Inflation is one of the most motivated scenarios for the early universe, which is consistent with the recent cosmological observations on the cosmic microwave background radiation and the large-scale structure in the universe. In order to construct a consistent model of inflation, an extension of the Standard Model (SM) is required. The supersymmetric (SUSY) grand unified theory (GUT) models provide a natural framework for hybrid inflation [1] - [11] . On the other hand, supersymmetric SU(5) is the simplest extension of the SM which may realize hybrid inflation through the adjoint scalar field, which is responsible for breaking the SU(5) gauge symmetry into SM gauge group G SM ≡ SU(3) c × SU(2) L × U(1) Y . However, in the standard minimal version of SUSY hybrid inflation the gauge symmetry is broken at the end of inflation, and topological defects are copiously formed. To overcome this problem, we consider the leading order non-renormalizable term in the superpotential of SUSY SU(5) hybrid inflation. This class of inflationary models is known as shifted hybrid inflation, which have been introduced in Ref. [12] in the context of a supersymmetric Pati-Salam model. The inclusion of the non-renormalizable term introduces a non-trivial flat direction along which SU(5) gauge symmetry is spontaneously broken through the appropriate Higgs fields acquiring non-zero vacuum expectation values (vevs). This direction then can be used as an inflationary trajectory with one-loop radiative corrections providing the necessary slope for slow-roll inflation. However, since SU(5) is broken during inflation, one finds that for a certain range of parameters, the system always passes through the above mentioned inflationary trajectory before falling into the SUSY vacuum. Therefore, the magnetic monopole problem is solved for all initial conditions.
The scalar spectral index n s in shifted hybrid inflation, driven solely by radiative corrections, is typically of order 0.98 with the number of e-foldings N 0 ≃ 53 and lies outside the seven year Wilkinson Microwave Anisotropy Probe (WMAP7) 1-σ bounds [13] . Including supergravity (sugra) corrections with minimal Kähler potential further enhances the scalar spectral index to exceed unity and a blue-tilted scalar spectral index is obtained as emphasized in Refs. [4, 14, 15, 16] . The non-minimal Kähler potential plays a crucial role in reducing n s and making it compatible with the WMAP7 data as shown in Refs. [17, 18, 19] . In SUSY SU(5) shifted hybrid inflation we show that the central value of the scalar spectral index n s ≃ 0.96 can be realized in the presence of a small negative mass term generated from a non-minimal Kähler potential.
A salient feature of above mentioned SU(5) inflationary model is that the octet and triplet components of the adjoint scalar field remain massless below GUT scale after the breaking of SU(5) symmetry. The masses of these particles are related to the scale of R-symmetry breaking. We discuss the effect of these particles on the gauge coupling unification along with the extra vector-like particles which should be added to restore unification. If R-symmetry is broken at TeV scale, these particles can be observed at the Large Hadron Collider (LHC) with clear signatures.
The paper is organized as follows. In section 2 we discuss SU(5) shifted hybrid inflation. Here we explore conditions which can lead inflaton to the shifted minimum. We also include sugra corrections with the minimal and non-minimal Kähler potential. In section 3, we discuss the impact of octet and triplet, which remain massless after SU(5) symmetry breaking, on gauge coupling unification and show how to restore unification by introducing extra vectorlike particles at TeV scale. Finally our conclusions are given in section 4.
Shifted hybrid SU (5) inflation
In SUSY SU(5), the matter fields are assigned to the 1,5 and 10 dimensional representations, while the Higgs fields belong to the adjoint scalar Φ (≡ 24 H ) and fundamental scalars: H (≡ 5 h ) andH (≡5 h ). The R-symmetric 1 SU(5) superpotential, with the leading order non-renormalizable term, is given by
where S is a gauge singlet superfield, M * is some suitable cutoff scale, m ν ij is the neutrino mass matrix and y
ij are the Yukawa couplings for quarks and leptons. Only the terms linear in S are relevant for inflation, and their role in realizing successful inflation will be discussed in detail. The other two terms in the first line in Eq. (1) are involved in the solution of the doublet-triplet problem. Fine tuning is required to implement doublettriplet splitting and thereby adequately suppress proton decay. The second line contains terms that generate masses for quarks and leptons. The R-charge assignments of the various superfields are as follows:
In component form, the above superpotential takes the following form
where we express the scalar field Φ in the SU(5) adjoint basis Φ = φ i T i with T r(T i T j ) = δ ij /2 and d ijk = 2T r(T i {T j , T k }). Here the indices i, j, k run from 1 to 24 whereas the indices a, b run from 1 to 5. Moreover, the repeated indices are summed over. The scalar potential obtained from this superpotential is given by
Note that the scalar components of the superfields are denoted by the same symbols as the corresponding superfields. Vanishing of the D-terms is achieved with |H a | = |H a | and φ i = φ * i . We restrict ourselves to this D-flat direction and use an appropriate R transformation to rotate S complex field to the real axis, S = σ/ √ 2, where σ is a real scalar field. The supersymmetric global minimum of the above potential lies at
with φ 0 i satisfying the following equation:
The superscript '0' denotes the field value at its global minimum. Using SU ( 
Here, we have used the fact that d 24,24,24 = −1/ √ 15. We can rewrite the scalar potential in Eq. (4) in terms of the dimensionless variables
where ξ = βM/ √ 30κM * . Thus, for a constant value of z, this potential has the following three extrema:
The first two extrema at y 1 and y 2 are independent of z (or |S|) and correspond to the 'standard' and the 'shifted' inflationary trajectories. The extremum at y 1 is a local minimum (maximum) for z > 1 (z < 1), while the shifted extremum at y 2 is a local minimum (maximum) for
. These trajectories are shown in Fig. 1 where we have plotted the dimensionless potentialṼ as a function of z and y for a typical value of ξ = 0.3. The potential at y 2 isṼ 2 = (1 − 4/27ξ
2 ) 2 , which is lower than the potentialṼ 1 = 1 at y 1 for ξ > 2/27 ≃ 0.27. Inflation takes place when the system is trapped along the y 2 minimum. Also, we restrict ourselves to ξ < 4/27 ≃ 0.38, so that the inflationary trajectory at y 2 can be realized before z reaches zero. Therefore, the interesting region for the parameter ξ in our analysis is given by 0.27 < ξ < 0.38. Moreover, the SU(5) gauge symmetry is always broken during the inflationary trajectory and hence no magnetic monopoles are produced at the end of inflation.
Along the shifted trajectory SUSY is broken due to the presence of a non-zero vacuum energy density
2 . This in turn generates the radiative corrections which can lift the flatness of the y 2 trajectory while providing the necessary slope for driving inflation. In order to calculate the one-loop radiative correction at y 2 we need to compute the mass spectrum of the model along this path where both SU(5) gauge symmetry and SUSY are broken.
During inflation, the field Φ acquires a vev in the φ 24 direction which breaks the SU(5) gauge symmetry down to SM gauge group G SM . Perturbing around this vacuum v 2 = 2My 2 and replacing φ 24 → [v 2 + Re(φ 24 ) + i Im(φ 24 )] / √ 2, the potential in Eq. (4) yields the following masses for real scalar fields, Re(φ 24 ) and Im(φ 24 ):
The superpotential in Eq. (3) generates a Weyl fermion with mass-squared:
Similarly, we obtain the following masses for the real scalar fields Re(φ i ) and Im(φ i ) with i = 1, ..., 8, 21, 22, 23:
and from the following terms of the superpotential 
It is worth noting that the SUSY breaking along the inflationary trajectory, which is due to the non zero vacuum energy
2 , generates a mass splitting in φ 24 supermultiplet and in φ i , i = 1, ..., 8, 21, 22, 23, supermultiplets. This is the only place where mass splitting between fermions and bosons appears.
The D-term contribution to the masses of scalar fields φ i , i = 9, ..., 20, is obtained from the following term:
where g is the SU(5) gauge coupling. As an example, we obtain the mass of φ 10 field as follows:
which leads to mass-squared 
This leads to 12 Dirac fermions with mass-squared 25 30
2 . Finally, the gauge bosons A i µ , i = 9, ..., 20, acquire masses from the following term:
This generates a universal mass-squared
2 for all 12 gauge bosons. In Table 1 , we summarize the results of the mass spectrum of the model along the shifted inflationary trajectory. As noted above, the mass splitting only occurs in φ 24 and φ i , i = 1, ..., 8, 21, 22, 23, supermultiplets which contain 12 Majorana fermions with two degrees of freedom and 24 real scalars, whereas there is no mass splitting in φ i , i = 9, ..., 20, supermultiplets which consist of 12 massive Dirac fermions with four degrees of freedom, 12 massive gauge bosons with 3 degrees of freedom, and 12 real scalars. It can be readily checked that all these supermultiplets satisfy the supertrace rule StrM 2 = 0. The inflationary effective potential with 1-loop radiative correction is given by
where ).
and Q is the renormalization scale. The spectrum of the model at the SU(5) breaking SUSY minimum is given by the massless octet φ i , i = 1, .., 8, and triplet φ k , k = 21, 22, 23 scalars/fermions, while the fields φ j , j = 9, ..., 20, acquire mass-squared of order g 2 v 2 2 . Finally φ 24 and S fields acquire masses of order κM. As will be shown later, these octets and triplets spoil the gauge coupling unification and we, therefore, need to add some vector-like matter to preserve unification. Before discussing unification we consider the contribution from sugra corrections.
Sugra corrections and non-minimal Kähler potential
We take the following general form of Kähler potential:
where m P ≃ 2.4 × 10 18 GeV is the reduced Planck mass. Additionally, for the sake of simplicity, the contribution of many other terms e.g., of the form
is assumed to be zero. Alternatively we can effectively absorb these extra contributions coming from the Φ superfield into various couplings of the above Kähler potential as only the |S| field plays an active role during inflation. The sugra scalar potential is given by
with z i being the bosonic components of the superfields z i ∈ {S, Φ, H,H, · · ·} and where we have defined
and
* . Now in the inflationary trajectory with the D-flat direction (φ i = φ * i , |H a | = |H a |) and using Eqs. (3), (22), (24) , and (26), we obtain the following form of the full potential:
where
+ 2κ
2 S − 3κ SS . We restrict ourselves to κ 10 −3 and neglect contribution of soft SUSY breaking terms assuming soft masses of order 1 TeV [6, 21, 22] .
Before proceeding further, let us consider the possible mass contribution from the nonminimal terms of the Kähler potential. In particular, as we will see, the SU(2) triplet and SU(3) octet multiplets remain massless as a consequence of both R and SU(5) gauge symmetries. To see this explicitly, consider the following general form of the fermionic mass matrix:
Since, in the SUSY minimum W and W i essentially vanish due to R-symmetry, the triplet and octet multiplets therefore do not acquire masses from the above contribution. The other possible contribution to fermionic masses come through the mixing of chiral fermions and gauginos,
Due to SU(5) gauge symmetry, these terms also vanish for the triplet and octet multiplets.
(Note that f i j 24 = 0 for the triplet and octet states). Therefore, both the fermionic and bosonic masses of these multiplets vanish as a consequence of R-symmetry and SUSY SU(5). However, these multiplets can acquire TeV scale masses as is discussed in more detail in the third section.
On the other hand, in the shifted trajectory case a non-zero mass contribution is expected from the nonminimal terms of the Kähler potential. But these contributions are expected to have a negligible effect on the inflationary predictions as they appear inside the logarithmic functions of radiative corrections. Therefore, in numerical calculations we can safely ignore these contributions.
Before starting our discussion of this model it is useful to recall here the basic results of the slow roll assumption. The inflationary slow-roll parameters are given by
In the slow-roll approximation (i.e. ǫ, |η| ≪ 1), the scalar spectral index n s and the tensor to scalar ratio r are given (to leading order) by
The number of e-folds during inflation l 0 = 2 π/k 0 has crossed the horizon is given by
where |S 0 | = x 0 M ξ is the field value at the comoving scale l 0 , and x e denotes the value of field at the end of inflation, defined by |η(x e )| = 1 (or x e = 1). During inflation, this scale exits the horizon at approximately
where T r is the reheat temperature and for a numerical work we will set T r = 10 9 GeV. This could easily be reduced to lower values if the gravitino problem 2 is regarded to be an issue. The subscript '0' denotes the comoving scale corresponding to k 0 = 0.002 Mpc −1 . The amplitude of the curvature perturbation is given by
where ∆ 2 R = (2.43 ± 0.11) × 10 −9 is the WMAP7 normalization at k 0 = 0.002 Mpc −1 [13] . Note that, for added precision, we include in our calculations the first order corrections [24] in the slow-roll expansion for the quantities n s , r, and ∆ R .
Including sugra correction, in general, introduces a mass squared term of order H 2 , where H ≃ V /3 m 2 P is the Hubble parameter. This in turn makes the slow parameter η ∼ 1 and spoils inflation. This is the well known η problem. However, in the case of supersymmetric shifted hybrid inflation with minimal Kähler potential this problem is naturally resolved due to a cancellation between the mass squared terms of the exponential factor and the other part of the potential in Eq. (26) . The linear dependence of W in S due to R-symmetry guarantees this cancellation to all orders [3, 25] . With non-minimal Kähler potential the mass squared term can be approximated as
which can spoil inflation for κ S ∼ 1, but for reasonably natural values of parameters κ S 0.01 and |κ SΦ | 1 we can obtain successful inflation consistent with WMAP7 data.
The predicted values of various parameters for shifted hybrid inflation are displayed in Figs. 2, 3 and 4. For minimal Kähler potential the scalar spectral index n s 0.99 lies outside the 1-σ bounds of WMAP7 data. With non-minimal Kähler potential only κ S and κ SS play the important role of reducing the scalar spectral index to the central value of WMAP7 data, i.e. n s ≃ 0.96. As can be seen in Fig. 2 we can obtain n s within the 1-σ bounds of WMAP7 data for κ S 0.005 or 0.33 κ SS 1 with all other non-minimal parameters equal to zero.
The κ S = 0 case has been considered previously in Ref. [18] for standard and smooth hybrid inflation. The results we obtain here are quite similar to the one obtained in Ref. [18] . In particular, the scalar spectral index is given by
From Fig. 3 and Fig. 4 it is clear that the value of parameters |S 0 |/m P , M ξ /m P and x 0 (= |S 0 |/M ξ ) increases with κ. Therefore, the sugra contribution in the above expression for large x 0 ) and
tries to compensate the increase in κ 2 term, in above expression. For small values of κ sugra correction is suppressed as compared to radiative correction and −2 κ S factor, which reduces the scalar spectral index within the 1-σ bounds of WMAP7 data. For κ SS = 0 case we obtain following result for the scalar spectral index:
In this case with κ SS 1/3 ≃ 0.33 sugra term is positive and raises the value of n s with κ.
For small values of κ (or x 0 ) radiative correction becomes important and a small reduction in n s is observed as shown in Fig. 2 . On the other hand, for κ SS 0.33, γ S becomes negative and we obtain a reduction in n s with κ which is consistent with the WMAP7 data (see Fig. 3 ). With κ SS 0.33 quadratic and quartic terms of the potential in Eq. (28) are positive and negative respectively. This provides a nice example of hilltop inflation [26] and a similar kind of potential has been analyzed in Refs. [27, 28, 29, 30] . The value of the tensor to scalar ratio r 10 −5 remains small in the above model of shifted hybrid inflation. For realizing observable r values in supersymmetric hybrid inflationary models see Ref. [19] .
Gauge coupling unification and TeV scale vector-like matter
In this section we discuss the impact of the massless SU(3) octet and SU(2) triplet multiplets on the gauge coupling unification. After SU(5) breaking, these multiplets remain massless in the limit of exact supersymmtery and may spoil gauge coupling unification. After inclusion of soft SUSY breaking mass terms taking account of S ∼ TeV, these particles acquire masses of order TeV.
In order to achieve gauge coupling unification we can add suitable vectorlike particles with TeV scale masses. These vectorlike particles have recently been studied to solve the little hierarchy problem in the MSSM [31, 32, 33] . The requirement that the three gauge couplings should remain perturbative at least up to the unification scale and the value of strong coupling should lie within the experimental uncertainties [34] , greatly reduces the choices of vectorlike combinations. Furthermore, in order to avoid fast proton decay we do not consider the triplet scalar Higgs vectorlike combination D(3, 1, −1/3) + D(3, 1, 1/3). Taking into account these considerations we choose the following combination of extra vectorlike particles:
The sum of 1-loop beta function of octet G(8, 1, 0), triplet W (1, 3, 0) and the above vectorlike combination is ∆b = (0, 0, 3) + (0, 2, 0) + (3, 1, 0) = (3, 3, 3). The 2-loop beta functions and RGEs for SM, MSSM and these extra vectorlike particles can be found in Refs. [35, 36, 37, 38, 39] . The evolution of three gauge couplings with and without the extra vectorlike particle combination (Eq. (39)) is shown in Fig. 5 . Here we have used 2-loop RGEs with the SUSY breaking scale M susy = 200 GeV and M susy = 3 TeV and the masses of vectorlike particles M V = 1 TeV and M V = 10 TeV. The value of the strong gauge coupling is fixed by the gauge unification condition and is required to lie within the experimental uncertainties [34] . The GUT scale is found to lie in the range M G ∼ (2 − 7) × 10
16 GeV for M susy ∼ (0.2 − 3) TeV and M V ∼ (1 − 10) TeV. These extra particles may be detected at the LHC provided their masses are less than or of order a TeV [40] . As an example, the gluon-gluon fusion channel can lead to SU(3) octet pair production at the LHC: 
Summary
To summarize, we have analyzed the adjoint field hybrid inflationary model in supersymmetric SU(5). Since the minimal SUSY SU(5) hybrid inflation suffers from the monopole problem we have discussed SU(5) shifted hybrid inflation. In this model the SU(5) gauge symmetry is broken during inflation and monopoles are inflated away before inflation ends. In minimal shifted hybrid inflation the spectral index n s 0.99 lies outside the WMAP7 1-σ bounds with κ 10 −3 and TeV scale soft SUSY breaking masses. However, with a nonminimal Kähler potential the WMAP7 1-σ region nicely compatible with shifted hybrid inflation. A tiny value of r 10 −5 is obtained in this model 3 . Furthermore, as a consequence of R-symmetry, the SU(2) octet and SU(3) triplet supermultiplets lie in the TeV range. In order to preserve gauge coupling unification we include additional TeV scale vectorlike particles which may be observed at the LHC. 
